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van der Waals forceUnderstanding the adhesiveness of fine particulate materials at high temperatures is important to achiev-
ing the stable, economical operation of various industrial systems. In the present research, two types of
calcium carbonate (CaCO3) particles having different mean particle sizes (often used as heat carriers in
energy systems) were evaluated. The tensile strengths of beds of these materials were determined at var-
ious temperatures by tensile strength measurement tester. The adhesiveness was found to increase
greatly at 500 C even without chemical reactions or sintering, and X-ray diffraction analyses showed
thermal expansion of the CaCO3 crystals at 500 C. Pure alumina (Al2O3) and silica (SiO2) microparticles
did not exhibit the same pronounced increases in tensile strength or crystal expansion at this same tem-
perature. Because the surface distances between these primary particles were presumably small, it is pro-
posed that van der Waals forces between the particles greatly increased at high temperatures. The
addition of Al2O3 nanoparticles to the CaCO3 decreased the tensile strengths of the powder beds both
at ambient temperature and at 500 C. The experimental data confirm that the surface distances between
primary particles were increased upon incorporating the nanoparticles, such that the tensile strength
decreased during heat treatment.
 2020 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder
Technology Japan. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).1. Introduction
Fine particulate materials are widely used in many industrial
fields and the handling of these materials is a common source of
various challenges. The adhesiveness of a powder, based on van
der Waals forces or liquid bridges between particles, can signifi-
cantly affect the ease of handling. Such effects are often enhanced
at higher temperatures, which are frequently encountered during
combustion, limestone calcination, chemical looping in post-
combustion carbon dioxide (CO2) capture processes, or fluidized
reactors. The adhesiveness of a powder frequently increases in
these cases, and can result in serious problems during the
day-to-day operations of industrial facilities [1–6]. In particular,
cohesive particles can deposit at various locations to form agglom-
erates, thus reducing heat recovery efficiency and blocking filters
such that the flow of fluid streams is impeded [1,5]. Issues such
as these related to the increased adhesiveness of powders are
among the most serious long-term problems in energy plants,
and tend to hinder the reliable and stable operation of suchfacilities. Since the mechanism responsible for increases in adhe-
siveness will vary with the physical properties of the particulate
material (including chemical structure, particle diameter, and sur-
face roughness) it is necessary to analyze the cause of adhesive
forces that appear at various temperatures such that they can be
controlled.
The tensile strength of a powder bed is a useful metric for eval-
uating the adhesive behavior of fine particulate materials. Several
test procedures intended to determine the tensile strengths of
powder beds have been developed over the last several decades,
with tests typically performed at ambient temperature. However,
the assessment of tensile strength at high temperatures remains
a challenge [7–11]. In this regard, our group developed a split-
type test device capable of measuring the tensile strength of a
powder bed under high-temperature conditions [12]. In previous
studies, this method was effectively used to analyze the adhesive-
ness of ash particles generated in combustion plants burning coal,
biomass, and waste materials [13–16]. The adhesiveness of each of
these ash powders, containing Si, Al, Na, K, and P compounds, was
found to increase over the temperature range of 600–900 C. This
increased tensile strength was primarily attributed to liquid bridge
forces resulting from the partial melting of eutectic phases on thete par-
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bed also had an important effect on tensile strength at high tem-
peratures [14,16].
Rumpf’s work provides a helpful approach to determining the
tensile strength of ash powder beds at high temperatures [19].
On this basis, our group has attempted to regulate the adhesive-
ness and tensile strength of powders at high temperatures by
adjusting porosity [14,16,18]. In previous studies, we were able
to increase the porosity of powder beds by adding nanoparticle
agents having a high degree of chemical stability at elevated tem-
peratures to cohesive fine ash powders. This technique effectively
suppressed adhesion at high temperatures and represents a new
strategy for this purpose.
Calcium carbonate (CaCO3) is widely used in many industries
and recently has been effectively employed in sustainable chemical
looping and CO2 capture systems [20–25]. Usually in these sys-
tems, fuel gasification and CO2 capture are performed in a gasifier
furnace that is operated at either atmospheric pressure or pressur-
ized condition and a temperature range of 600–700 C. CaCO3 is
regenerated in a consequent regenerator furnace operated at
800–900 C and atmospheric pressure conditions. However, pure
CaCO3 has been found to block pipes and beds in these systems
at elevated temperatures. A liquid phase is not expected to be pre-
sent during these processes, because the working temperatures are
far below the melting point of the particles, and so the adhesive-
ness cannot be explained on the basis of liquid bridge forces. Evi-
dently, the adhesiveness of CaCO3 increases at the relative low
temperatures in these systems via a unique mechanism. It is there-
fore important to characterize the fundamental adhesiveness of
CaCO3 particles. The resulting information regarding this pure
material should also increase our fundamental understanding of
the adhesiveness of more complex materials such as composites.
In the present work, the adhesiveness of pure cohesive CaCO3
particles (several micrometers in diameter) was evaluated using
a split-type tensile strength test device at temperatures ranging
from ambient to 500 C. The resulting data were compared with
values for other pure materials such as silica and alumina. Based
on further characterization, including X-ray diffraction (XRD) at
high temperatures, a CaCO3 adhesiveness mechanism is proposed
and a method for controlling adhesiveness at high temperatures
is detailed herein.
2. Material and methods
2.1. Materials
The commercially available CaCO3 powders Eskal 300 and 500
(KSL Staubtechnik GmbH, Germany) were selected for this study
because these materials provided suitable purity and particle size
ranges. Details regarding these specimens are presented in Table 1,
Fig. S1 and Fig. S2 in Supporting Information (SI). These materials
had average particle sizes of 2.2 and 4.4 mm, respectively, and areTable 1
Physical properties of the materials used in this research.
Sample Particle size/mm Particle density/kg m
Eskal 300 (CaCO3–2 mm) 2.2a 2853
Eskal 500 (CaCO3–4 mm) 4.4a 2868
SiO2 microparticles 3.0b 3975
Al2O3 Microparticles 5.7b 2368
a Determined using a RODOS instrument (Sympatec GmbH).
b Determined by field emission scanning electron microscopy image analysis.
c A 6–10 g sample was packed into a cylindrical cell (50 mm) and consolidated by un
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referred to herein as CaCO3–2 mm and CaCO3–4 mm, respectively.
Al2O3 microparticles (AA-3, Sumitomo Chemical Co., Ltd., average
particle size = 3.0 mm) and SiO2 microparticles (FB6S, Denka Co.,
Ltd., average particle size = 5.7 mm) were also evaluated for com-
parison purposes, and detailed information regarding these sam-
ples is included in Table 1, Fig. S1 and Fig. S2. In some trials,
Al2O3 nanoparticles (AEROXIDE Alu 130, Nippon Aerosil) were used
as an additive to adjust adhesiveness. Details of these nanoparti-
cles are included in Table S1 as well as Figs. S3 – S6. These Al2O3
nanoparticles were added to the CaCO3 at 3 wt% by simple mixing
under air.2.2. Measurement of the tensile strengths of the powder beds
The tensile strengths of CaCO3, Al2O3, and SiO2 powder beds
were assessed using a split-type test device under air at tempera-
tures ranging from ambient to 500 C. Details of the test apparatus
and test conditions are provided in Fig. S7 and Table S2. Each pow-
der bed was prepared by packing a 6–10 g sample (the volume of
powder bed was 8–10 cm3) into a cylindrical cell (diameter
50 mm  height 10 mm) followed by uniaxial pressing at 2.1 kPa
for 10 min. The cell containing the powder bed was subsequently
heated to a target temperature ranging from 25 to 500 C at a heat-
ing rate of 20 C/min and held at that temperature for 30 min
before measurement of the tensile strength. After determining
the tensile strength, the volume of the bed was determined to
allow the packing density and porosity to be calculated.2.3. Characterization
The particle size distribution of the samples was measured by a
laser particle size analyzer (Horiba, LA-950ND) in a dry system. The
thermal properties of the samples were determined by
thermogravimetry–differential thermal analysis (TG–DTA, Rigaku,
Thermo plus EVO TG8120) and thermomechanical analysis (TMA,
Rigaku, TMA8310) under air at a heating rate of 10 C/min. The
crystalline structures of the samples were analyzed by XRD
(Rigaku, RINT 2100 VPC/N) at a target temperature ranging from
25 to 500 C under air. In these trials, each sample was placed on
a platinum plate and heated to the target temperature at 20 C/
min, after which the specimen was held at that temperature for
10 min before acquiring data. XRD analysis were carried out with
scan speed of 5/min at a measurement interval of 0.05. A Cu Ka
X-ray source was used with X-ray tube voltage and current of
40 kV and 30 mA, respectively.2.4. Theoretical analysis
Thermodynamic calculations were carried out using the Fact-
Sage 7.3 software package and the FTOxid and FactPS databases.3 Packing density at room
temperature/kg m3c






iaxial pressing (2.1 kPa) for 10 min at room temperature.
Fig. 2. Comparison of the tensile strengths of different powder beds at 25 C (blue)
and 500 C (red). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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The tensile strengths of the CaCO3, Al2O3, and SiO2 beds were
measured at various temperatures, with the results presented in
Fig. 1. At ambient temperature, the tensile strengths were rela-
tively low (0.20 and 0.16 kPa for the CaCO3–2 mm and CaCO3–
4 mm, respectively) but increased beginning at 200 and 300 C,
respectively. Gradual strength increases were observed with fur-
ther temperature increases. Moreover, the tensile strengths of
the CaCO3–2 mm and CaCO3–4 mm beds exhibited an increase at
500 C (to 2.8 and 2.7 kPa for the CaCO3–2 mm and CaCO3–4 mm,
respectively). The tensile strengths of the Al2O3 and SiO2 increased
with a rise beginning at 400 C, but the run ratios were smaller
than for CaCO3. Fig. 2 depicts the comparison of tensile strengths
values obtained for CaCO3, Al2O3, and SiO2 beds between ambient
temperature and 500 C. The tensile strength values of these mate-
rials represent increasing factors of 13 and 16, respectively. In con-
trast, the Al2O3 and SiO2 microparticles (Fig. 2) showed only
approximately threefold increases in tensile strength on going
from ambient temperature to 500 C.
Thermal analysis of the CaCO3 materials (Fig. 3) indicated
decomposition over the range of 600–800 C, in agreement with
reported behavior for this compound. A careful analysis of the data
also suggests shrinkage, beginning at 800 C, but no changes in
mass or volume up to 500 C. Up to this temperature, Al2O3 and
SiO2 did not show changes in mass or volume. Neither sintering
nor chemical reactions appear to have occurred below 500 C. Con-
sidering both the tensile strength and thermal analysis data, phe-
nomena other than sintering and chemical reactions might be
responsible for the increased tensile strength of the powder beds
at 500 C, which could explain the different behavior of the CaCO3
samples compared with the Al2O3 and SiO2.
Liquid phase formation and diffusion did not take place in the
CaCO3 specimens up to 500 C, and therefore the primary mecha-
nism responsible for adhesion between particles might be van
der Waals forces, Fv. When only van der Waals forces act between
particles, the tensile strength of the powder bed, r, can be
explained by following equation according to Rumpf’s work [19]:Fig. 1. Tensile strengths of the CaCO3–2 mm (r), CaCO3–4 mm (▲), Al2O3 (j) and
SiO2 (d) powder beds as functions of temperature. Error bars correspond to
standard variation.
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where e is the porosity of the powder bed. And the distance









where A is the Hamaker constant, and x is the average particle size.
The Hamaker constant can be obtained using the method reported
by Bergström [26] and the values obtained in the present study
were 9.43  1020 and 9.73  1020 J at 25 and 500 C, respectively
(see SI for details of the calculations). Since the thermal analysis did
not reveal any variations in the mass or height of the powder beds
below 500 C, the porosity evidently remained constant despite the
rise in temperature. Therefore, we assumed that only the distances
between particle surfaces varied with temperature, and these dis-
tances were calculated. At ambient temperature, these intervals
were estimated to be 1.7 and 1.5 nm for the CaCO3–2 mm and
CaCO3–4 mm, respectively. Also assuming that the tensile strength
was inversely proportional to the distance, increasing the tempera-
ture from ambient to 500 C would be expected to decrease these
values by 70% and 75% for the CaCO3–2 mm and CaCO3–4 mm,
respectively.
Thermal expansion typically occurs in materials at high temper-
atures and is frequently unrelated to chemical reactions. The crys-
talline thermal expansions of the specimens in this work were
examined by acquiring XRD patterns during heat treatment
(Fig. 4). Note that, because the SiO2 microparticles used in this
research had an amorphous structure, they were not assessed.
The patterns obtained from the CaCO3 were assigned to a calcite
crystal structure and this structure did not change heating up to
500 C, although the diffraction peaks were slightly shifted in the
negative direction. As an example, the peak at approximately
29.4 assigned to the [104] lattice plane in CaCO3 was shifted –
0.17 and –0.16 for the CaCO3–2 mm and CaCO3–4 mm, respec-
tively. This result indicates increases in the lattice plane distances.
The [104] plane distances (d104) were also calculated. At 25 C, the
distances (d104, 25) were estimated to be 3.035 and 3.023 Å for the
CaCO3–2 mm and CaCO3–4 mm, respectively, while at 500 C the
distances (d104, 500) increased to 3.052 and 3.039 Å, respectively.
The same analysis was carried out for the Al2O3 microparticles
and no changes in crystal structure were observed upon heat treat-
ment, although there was a slight negative shift of the peaks at
500 C. The extent of this shift was significantly smaller than that
in the CaCO3 patterns (with a shift of the peak at approximately
35.2, assigned to the [104] lattice plane, of –0.12). As a result,
Fig. 3. Thermal analysis data for the CaCO3, Al2O3 and SiO2 samples. (a) TG and (b) TMA plots acquired at a heating rate of 10 C/min under air.
Fig. 4. XRD patterns obtained from the (a) CaCO3–2 mm, (b) CaCO3–4 mm, and (c) Al2O3 at temperatures ranging from 25 to 500 C together with patterns based on ICDD cards.
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d104, 25 and d104, 500 of 2.546 and 2.555 Å, respectively. The lattice
plane distances were estimated at each temperature and the linear
increase of the distances with temperature were observed (Fig. 5).
The slopes for these increases for CaCO3 were larger than that for
Al2O3. It was observed that surface distances calculated from ten-
sile strengths decreased with respect to the temperature increase
(Fig. S8) We postulate that these reductions were induced by the
proportional increase of lattice plane distances. Furthermore, since
the distances at ambient temperature after heat treatment were
same as before heating (Fig. S9), these increases were able to be
observed under high temperature conditions. There have been sev-
eral reports to date that the thermal expansion coefficient of CaCO3
is 25  106 K1, which is significantly higher than the values for4
Al2O3 (5  106 K1) and SiO2 (0.55  106 K1) [27–29]. Thus,
CaCO3 will tend to expand to a greater extent compared with
Al2O3 and SiO2 at high temperatures, in agreement with our XRD
results. Based on this comparison of CaCO3 with Al2O3, we suggest
that materials showing greater adhesiveness at high temperatures
may also expand more readily.
The volume expansion of the powder beds could have been
induced by microscopic crystalline expansions, but the TMA data
in Fig. 3 do not show thermal expansion of the CaCO3 powder beds.
Therefore, it is possible that the CaCO3 particles approached one
another due to the thermal expansion of the crystals. Decreases
in the distances between particle surfaces would be expected to
increase the van der Waals forces, which would also increase the
tensile strengths of the powder beds. We therefore concluded that
Fig. 5. [104] lattice plane distances for CaCO3–2 mm (r), CaCO3–4 mm (▲) and Al2O3 (j) as functions of temperature.
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produced the observed increases in tensile strength.
In another series of tests, we attempted to adjust the tensile
strengths of the CaCO3 powder beds at high temperatures via the
addition of Al2O3 nanoparticles (Al2O3–NPs). In a previous study,
the addition of Al2O3–NPs to coal particles and sewage sludge
ashes increased the porosities of the powder beds while decreasing
the tensile strengths at high temperatures.[14,16] To confirm a
similar effect, Al2O3–NPs were added to the CaCO3 particles at
3 wt% and the tensile strengths of the powder beds were deter-
mined at ambient temperature and 500 C, with the results pro-
vided in Fig. 6. At ambient temperature, the Al2O3–NPs decreased
the tensile strengths of the CaCO3–2 mm and CaCO3–4 mm by 40%
and 26%, respectively. The effect of the Al2O3–NPs was even more
remarkable at 500 C, with tensile strength decreases of 64% and
74%, respectively. Fig. 7 plots the porosity values of the CaCO3 pow-
der beds with and without the Al2O3–NPs. As expected, incorporat-Fig. 6. Tensile strengths of powder beds of CaCO3 with Al2O3 nanoparticles (Al2O3–
NPs) at (a) 25 and (b) 500 C.
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ing the Al2O3–NPs increased the porosities of the beds, suggesting
that poor packing was induced.
According to these observations and considering the Rumpf
model, tensile strength decreases of 35% and 34% would be
expected for the CaCO3–2 mm and CaCO3–4 mm, respectively, which
are relatively close to the actual decreases at ambient temperature.
Thus, there was reasonable agreement between the porosity and
tensile strengths obtained experimentally and the values esti-
mated theoretically (Fig. 8 (a)). Therefore, we concluded that the
decreased tensile strengths at ambient temperatures resulted from
decreases in the porosity of each powder bed. In contrast, the pro-
portionate decreases in the tensile strengths following the addition
of Al2O3–NPs at 500 C were higher than the estimated values
based on the porosity increases (Fig. 8 (b)). The XRD data demon-
strated that neither the incorporation of Al2O3–NPs nor the heat
treatment changed the crystal structures (see Fig. S10). Thermody-
namic calculations for the binary CaCO3-Al2O3 systems also
showed that these compounds would not be expected to react
below 500 C (see SI for details and results regarding these calcu-
lations). These findings demonstrate an effect other than a chemi-
cal reaction, likely related to the increased porosity that appears to
have decreased the tensile strengths of the CaCO3 powder beds at
500 C following the addition of the Al2O3–NPs. As noted, the
increased tensile strengths of the beds at high temperatures were
attributed to decreases in the inter-particle distances. We propose
that the addition of Al2O3–NPs to the CaCO3 powder beds increasedFig. 7. Porosities of powder beds of CaCO3 with and without Al2O3 nanoparticles
(Al2O3–NPs) and of the original Al2O3–NPs.
Fig. 8. Tensile strengths of powder beds as functions of porosity, based on experimental data (plotted points) and the Rumpf equation (dashed lines) at (a) 25 and (b) 500 C.
Fv accounts for the van der Waals force which was re-calculated backwards from the tensile strength using the Rumpf model (equation (1)).
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uted to filling of the interstitial voids between particles and/or a
rolling effect during packing of particles at ambient temperature.
Elemental mapping by energy-dispersive X-ray spectroscopy
(Fig. S11) indicated that the Al2O3–NPs were located on the sur-
faces of the original CaCO3 microparticles. Therefore, when the
beds containing Al2O3–NPs and CaCO3 particles were packed, the
Al2O3–NPs filled the spaces between the CaCO3 microparticles
and separated the particles.4. Conclusions
The adhesiveness of cohesive CaCO3 microparticles was ascer-
tained at high temperatures using a tensile strength tester. The
tensile strengths of these materials clearly increased at higher tem-
peratures, but this effect was not attributed to chemical reactions
or sintering. XRD analyses at high temperatures indicated thermal
expansion of the CaCO3 crystals. These results suggested that the
distances between particle surfaces were reduced such that van
der Waals forces were increased. In contrast, the degrees of ther-
mal expansion and the increases in tensile strength at high tem-
peratures of Al2O3 and SiO2 microparticles were very moderate.
The high tensile strengths of the CaCO3 powder beds were there-
fore ascribed to the high thermal expansion coefficient of this
material. The addition of Al2O3 nanoparticles to the CaCO3 lowered
the tensile strengths both at ambient and high temperatures while
increasing the porosities of the powder beds. This occurred due to
the poor packing induced by the nanoparticles and increased the
inter-particle distances at high temperatures.6
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